states and conformational changes of biological macromolecules in solution. SANS is of particular interest for the study of the multi-component systems, as membrane protein complexes, for which in vitro characterisation and structure determination are often difficult. This article details the important physical properties of surfactants in view of small angle neutron scattering studies and the interest to deuterate membrane proteins for contrast variation studies. We present strategies for the production of deuterated membrane proteins and methods for quality control. We then review some studies on membrane proteins, and focus on the strategies to overcome the intrinsic difficulty to eliminate homogeneously the detergent or surfactant signal for solubilised membrane proteins, or that of lipids for membrane proteins inserted in liposomes.
Small angle neutron scattering (SANS) is a powerful technique for investigating association states and conformational changes of biological macromolecules in solution. Specific deuteration of macromolecules and/or solvent offers the possibility of matching the SANS signal of specific components within multicomponent systems, allowing to determine particle composition and low resolution structures of complex multicomponent particles. Quite recently, SANS combined with contrast variation has been used with sophisticated data analysis approaches [1] [2] [3] to characterise the stoechiometry, conformational changes and topology of protein-protein and protein-nucleic acid complexeseps [4] [5] [6] [7] . Contrast variation, associated with changes in solvent salt concentration, was also intensely used for characterising the hydrationand stabilisation-of halophilic proteins, extracted from the nearly saturated salt cytoplasm of microorganisms requiring high salt concentration for their growth [8] [9] [10] [11] .
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Studying membrane proteins by SANS is of great interest, as detailed below. The atomic coordinates of all available membrane protein structures can be found at http://blanco.biomol.uci.edu/Membrane Proteins xtal.html. Even if their number is increasing rapidly, membrane protein structures are still largely underrepresented as compared to those of soluble proteins: as of April 2013, there are only 1240 coordinate files for membrane proteins when compared to the 89561 of the whole pdb library. This is in part due to the difficulty of in vitro manipulation and characterisation of these proteins, based on their low natural abundance, their often poor over-expression, and the difficulty to keep them active outside their natural lipidic environment. This is usually done with the help of detergents or surfactants that replace lipids to shield the hydrophobic domain from the aqueous solution. Detergents belong to the class of the surfactants, i.e. surface-active agents. Detergents solubilise membrane lipids, which is not the case for all surfactants. Lipids associate into bilayers, whereas surfactant molecules auto-associate forming in general small globular aggregates, micelles, above the critical micelle concentration. Detergents, surfactants and lipids are amphiphilic molecules, and can be described as composed of a hydrophobic moiety and a hydrophilic head.
There is a considerable interest to investigate the conformational changes associated with the function of membrane proteins, which includes solute transport and signalling across the lipid bilayer. Mathematical approaches were developed in the last decade to investigate the information given from the whole SAXS (small angle X-ray scattering) or SANS scattering curves [1, 12] , allowing to address questions such as: if the crystal structure is available, does the solution structure coincide? What is the topology of biological macromolecular assembly? While considered of interest for membrane proteins due to the possibility to mask the detergent contribution with contrast variation in SANS, only few studies have used these techniques. This is probably due to the difficulty to prepare homogeneous samples (different association state), the presence of bound lipids, and the chemical heterogeneity of the detergents, which makes their homogeneous matching difficult.
In this paper, we will detail the important physical properties of surfactants in view of SANS studies and the interest to deuterate membrane protein for contrast variation studies. We will show the intrinsic difficulty to eliminate the detergent or surfactant signal for solubilised membrane proteins in a homogeneous way, or that of lipids for membrane proteins inserted in liposomes. We will present strategies of production of deuterated membrane proteins and methods for quality control. We will then review the studies on membrane proteins, and indicate the present perspectives in that field.
Surfactant and lipid properties related to SANS studies
Membrane proteins are always studied as part of complex multicomponent systems in solution. They may be investigated as reconstituted in lipid vesicles or solubilised by surfactant. Some surfactants that will be described here are shown in fig. 1 . The detergent nOctyl β-D-glucopyranoside (OG) can be purchased in the hydrogenated form, as a tail deuterated n-Octyld 17 -β-D-glucoside (d17-OG), and as a fully deuterated n-Octyl-d17-β-D-Glucopyranoside-d7: (d17-OG-d7). For Dodecyl β-D-Maltoside (DDM), only the tail deuterated related compound (d25-DDM) can be purchased. nDodecylphosphocholine (Fos 12) and the polyoyethylene (23) Lauryl ether (Brij 35) are also commercialised. The amphiphilic homo-telomer NA h Pol described in [13] , as well as the fluorinated surfactant F 6 -DigluM [14] , are synthesised at the University of Avignon (France).
The application of the general principles of small angle scattering and use of contrast variation for the study of bio-macromolecules were described decades ago in some excellent reviews [15] [16] [17] . Small angle neutron scattering allows investigating effective association states of proteins in solution or within a membrane environment, the formation of complexes in solution, their shape or conformation including topology at low resolution (∼ 1 nm), and how these features are modified depending on solvent conditions (pH, salt, ligands, temperature, etc.). Very importantly, in principle contrast variation allows to focus on the individual components within a complex structure. The scattering length density (cm −2 ) is defined as
where b is the coherent neutron scattering length of the atoms (cm) and V the volume of the macromolecular structure studied (cm 3 ). The difference, Δρ N , between neutron scattering length density within the macromolecule, ρ N , and that of the solvent, ρ • N , defines the contrast and determines the scattering of the macromolecule
The neutron scattering length of the H nucleus is negative while that of deuterium, D, and of most of the atoms commonly found in life sciences, are positive ( The scattering curve represents the scattered intensity, I, as a function of the scattering vector, Q (Å −1 ). Q is related to the scattering angle θ and wavelength λ by Q = (4π/λ) sin(θ/2). The Guinier approximation,
is used to extrapolate the forward intensity I(0) and determine the radius of gyration R g (nm). I(0) allows to determine the molar mass, M (g/mol), from the concentration in weight unit and the scattering length density increment of the solution per unit concentration of macromolecule, at constant chemical potential of all solvent components, (∂ρ N /∂c) μ (cm g −1 ), which will be detailed below [15, 16] 
Sum is over the different types of macromolecules in the sample. For samples of solubilised membrane proteins, free detergent micelles should be considered in addition to the protein detergent complexes. The expression below was derived [19] considering micelles of unbound detergent being at concentration c D and micelles made of n D monomers of molar mass M D , and in the case of a detergent protein complex being a mixture of monomer, dimer and trimer at fractions f 1 , f 2 and f 3 , of same composition (determining a common (∂ρ N /∂c P ) μ value, see eq. (8) below, with M P the molar mass of the monomer protein and c P the protein concentration
The contrast match point (CMP) is experimentally obtained by measuring the scattering curves of the pure macromolecules in solvents with different percentages of D 2 O, extrapolating the forward intensity I(0) at low scattering angles using the Guinier approximation and plotting √ (I(0)/T c) as a function of the percentage of D 2 O, c being the macromolecular weight concentration, and T the sample transmission. Macromolecules can be considered as homogeneous if the scattering density fluctuations are not ordered (e.g. core versus outer shell) and/or if they occur on a length scale much smaller than the macromolecule extension. This is the general case for proteins, while lipids are in general heterogeneous (head vs. tail). The approximation of homogeneous particles improves at smaller angles. For heterogeneous macromolecules, the scattering curve is not flat even at their match point.
We detail here the steps for the calculation of Δρ N for proteins and for some selected surfactants, with the aim that non-physicists, biochemists or chemists may use this work as a tool for preparing a specific SANS experiment. Calculation for proteins is done considering amino acid composition, for which formulae, neutron scattering, mass and volume characteristic parameters are given in table 2. The scattering length density will be calculated below considering the amino acid composition of a specific protein FhuA, in its hydrogenated and deuterated at 75% and 100% forms (table 4). The neutron scattering contrast properties of four different surfactant molecules, considered as a whole and decomposed in their hydrophobic and hydrophilic moieties (table 3), will be compared Table 2 . Amino acid characteristic values. Except for the last line that corresponds to the C-and N-ter, the table refers to the amino acids indicated in columns 1 and 2 and considered without peptide bond. Columns 3, 4 and 5 give the formulae at neutral pH, and the number of labile and non-exchangeable hydrogens. Columns 6 to 9 give the scattering lengths for the hydrogenated or perdeuteratated, as indicated by the first subscript, amino acids in hydrogenated or deuterated, as indicated by the second subscript, buffer, calculated with complete exchange of the labile hydrogens. Column 10 gives the molar mass. Column 11 and 12 are the molecular volumes consensus values (a) reported by Perkins [25] and Cohn and Edsall's values (b) reported by Perkins [25] , and columns 13 to 14 the corresponding partial specific volumes; column 15 (c) 
N A (Σb)/M is the scattering length density per gram. For each of the components of the solution: the protein (P), but also detergent (D), lipid (L), cofactor or any species (X), or water (W), we denote it b X (cm g −1 ). Water is usually unconsidered, since its contribution to scattering is in general insignificant for diluted solvent (due to the fact that ρ N for water is equal or nearly equal to ρ • N of the solvent, water can generally be considered as having no contrast in water).
The analysis of I(0) of membrane protein uses (∂ρ N /∂c P ) μ corresponding to the excess of scattering of the multicomponent protein-detergent particle per gram of protein. This term can be expressed in terms of thermodynamic preferential interaction parameters [20] [21] [22] . A 
(∂ρ N /∂c D ) μ in eq. (5) corresponds to detergent micelle, i.e. particles made only of detergent, and its value can be obtained from eq. (7). The volume is calculated based on data derived from partial molal volume,V , (cm 3 mol −1 ) or partial specific volume,v, (cm 3 g −1 ) measurements. These relate the increase of the volume of the solution when the compound is added, while the concentrations of all other components are maintained constant (at constant chemical potential of solvent components), and include solvent volume changes. They can be experimentally obtained by precise density measurements using the anhydrous compound. Alternatively, calculations making use of the volume additivity principle gives reliable estimates. The partial molal volume and specific volume of the molecule are ΣN iVi (cm
, respectively, N i ,V i ,v i and M i being the number, partial molal volume increment, partial specific volume and molar mass of each amino acid or group and M the molar mass of the macromolecule or molecule in H 2 O. Tabulated volumes are given for 25
• C. In order to calculate the value at another temperature, we consider for all compounds the values given for proteins: Δv/ΔT = 0.000425 cm 3 g −1 K −1 [23] , the temperature coefficient for different compounds in aqueous solution being in the 0.0002-0.0010
range [24] . Thus, at T ( Concerning proteins, table 2 presents the consensus values for the individual amino acids as compiled by Perkins [25] , together with the values more commonly used from the work of Cohn and Edsall (reference can be found in [25] . Table 2 also gives the related values of partial specific volumes. We have reported the slightly different values used in software for hydrodynamic analyses. While differences may be noted concerning one or the other amino acid, the values of protein partial specific volume from these data sets differ typically by less than 0.002 cm 3 g −1 due to compensatory effects.
Concerning surfactants or lipids, Durchschlag and Zipper published approaches allowing the easy calculation from chemical structure of the volume of organic compounds in aqueous solution [26] [27] [28] . Several details have to be considered: for example, the volume of the oxygen atom differs when it is engaged in an alcohol or a carboxylate group, charged groups are subject to electrostriction, co-volumes have to be considered, etc. The partial molal volume (cm 3 /mol) of monomeric surfactant or lipid is given by the sum of partial volume increments ΣV i +V CV + ΣV RF + ΣV ES + ΣV ion , in whichV i is for the constituent atomic groups,V CV for the covolume, ΣV RF and ΣV ES are negative contributions for ring formation and electrostriction, respectively, ΣV * ion is -when appropriate-for the inorganic counterions and differs for inorganic cations (V * ion =V ion ) and anions (V * ion = V ion + ZV CV ), withV ion the partial volume increment of the ion and Z the number of electric charges (V CV is negative) [26] . Calculations given for the surfactant monomer are generally valid above the critical micelle concentration. Exceptions are charged detergents or steroid surfactants [26] . Table 3 presents the volume contributions considered for the calculation of the partial specific volumes and scattering properties of the surfactants of fig. 1 .
The values of Σb, of the scattering length densities ρ N and ρ
• N and thus Δρ N , are linearly expressed, as a function of
The condition ρ N = ρ
(12) Table 4 presents the scattering length densities and contrast match points, as well as intermediate values, including masses and partial specific volumes, for the different surfactants, for the protein FhuA, and for water. Figure 2 shows the scattering length density of a specific detergent or surfactant. Three curves are drawn for the whole molecule, but also for the hydrophobic tail and the hydrophilic head moieties. All panels include the superposition of the scattering length density of water (cyan line), and of the hydrogenated (continuous black line) and deuterated protein FhuA at 75% and 100% (dashed and dotted black lines). The scattering length densities of proteins do not strongly depend on amino acid composition, thus the observations made here using the example of FhuA can be generalised. The scattering length densities of dilute aqueous buffers do not differ strongly from pure water (see table 4), and water was therefore considered for the CMP estimate. The CMPs of the different surfactants are reported in table 4 and correspond to the intersection of the scattering length density of water and of that of the compound. The CMP for hydrogenated FhuA is 44%. It rises to 100% when the protein is deuterated at 75%. Above this percentage, the protein cannot be matched (CMP above 100% D 2 O). Figure 2 , top left panel, concerns OG, a detergent commonly used to solubilise membrane proteins. The CMP of 19% does not correspond to a very favourable condition for measuring a hydrogenated protein, since, at this CMP, the protein contrast is rather low. Furthermore, the scattering length density of the protein and of the hydrophilic head of OG are rather similar (at all percentages of D 2 O, so that they will not be discriminated by contrast variation), and, finally, the contrast of the OG tail and head differ significantly. However, the signal of a deuterated protein will be important at 19% D 2 O and corresponds to a much more favourable experimental condition. The effect of the deuteration of the tail of OG is shown on the top central panel. The CMP of the detergent is now 90%, but the two moieties of the detergent still have very different scattering length densities in this solvent condition. In the completely deuterated OG (top right panel), the tail and head behave similarly for the whole range of H 2 O/D 2 O mixture, but cannot be experimentally matched: the CMP of the whole molecule is 119%, that of the deuterated tail and head are 113 and 131%, respectively.
The general contrast properties of DDM (middle left panel) and of the amphiphilic polymer NA h Pol (middle right panel) are close to that of OG (top left panel). Tail deuterated DDM (middle central panel) behaves similarly to tail-deuterated OG (top central panel).
The bottom right and bottom central panels show the scattering length density of two commercially available detergents, Fos 12 and Brij 35. The hydrophilic head of the former is small and amphoteric, that of the latter is made of a large polyethylene chain, but both are rather rich in H-atoms, when compared to the sugar head group of OG discussed above. This similarity makes their scattering length densities similar, and the differences between the match points of the hydrophilic and hydrophobic moieties are reduced as compared to OG (20% for Fos 12, 16% for Brij 35 versus 48% for OG). Fos 12 was described to have a flat neutron scattering signal at its experimental match point of 11% D 2 O (close to 10% calculated in table 4) at concentrations of ∼ 5 g L −1 [29] . Studies using this detergent would benefit from protein deuteration by yielding not only a much higher signal-to-noise ratio, but also by reducing minor residual signals related to detergent heterogeneity in comparison to contributions from (hydrogenated) proteins.
The bottom right panel describes the behaviour of a fluorinated surfactant, F 6 -DigluM, which is chemically similar to F 6 -Diglu, for which a flat SANS signal at 6 g L −1
over the whole measured Q-range is also described [30] . The plot of the scattering length density differs qualitatively from that of the described detergents: first the scattering length density line for the hydrophobic tail is above that of the hydrophilic head, as a consequence of its atypical composition. Secondly, the matching point is very close to that of a hydrogenated protein (42 versus 44% D 2 O). Protein deuteration is thus required for investigating protein scattering and masking the surfactant. Finally, the scattering length density is very close to that of the hydrogenated protein whatever the D 2 O/H 2 O range. This means that hydrogenated proteins will be very efficiently masked together with the surfactant. This offers the unique possibility to investigate conformational Values from [67] . changes within complexes of membrane proteins using specific deuteration (see below). Figure 3 shows SANS data of several detergents and surfactants, some of which partially or totally deuterated. All data were measured on the instrument D22 at ILL using the instrumental setups indicated in the figure caption. As can be appreciated from the SANS curves, the scattering behaviour of the individual detergents/surfactants close to their CMP differs a lot; in this selection, only one (F 6 -DigluM) is homogeneously matched at the measured concentrations, two (OG and d17-OG) display small fluctuations, two (d25-DDM, NA h Pol) display strong intensity variations as a function of Q or cannot be matched at all due to their high deuteration degree (d17-OG-d7).
The different scattering properties of the detergents/ surfactants at the CMP have implications on the analysis and modelling of the protein-detergent/surfactants complexes. One can distinguish two major cases: 1) The surfactant is (within the noise) matched homogeneously over the whole Q-range studied (e.g. F 6 -DigluM). This allows a large flexibility in sample preparation, since free micelle and bound surfactant contributions will not be detected. In this case, one has the option to model the protein shape at the surfactant CMP with a low-resolution envelope consisting only in one "phase" (homogeneous particle in terms of scattering length density), for instance by using the program DAMMIN [31] . Fig. 3 . SANS curves of various detergent and surfactants in water at various D2O percentages. All data were measured on the instrument D22 at ILL, at 20
• C, at a wavelength of 6Å and at the nominal concentrations c, the collimation and sample-detector distances (SD), and the exposure times (ExpT) given below. All samples of F 6-DigluM and DDM samples were measured at c = 10 mg/mL, with SD = 2m/2m and an ExpT = 10 minutes, except for F 6-DigluM at 46% D2O which was measured at c = 17.6 mg/mL in a buffer containing NaCl 0.15 M, Tris-HCl 20 mM pH 8. NA h Pol (sample SS325, degree of polymerisation 17) was measured at c = 15 mg/mL, with SD of 1.4 m and 5.6 m, and with an ExpT of 12 minutes at each configuration (these data were shown in [13] . Samples of the OG and d17-OG series were measured at c = 40 mg/mL, with two SDs of 1.4 m and 5.6 m and an ExpT of 15 minutes for each of them. The d17-OG-d7 series was measured at c = 30 mg/mL, except the point at 90% D 2O measured at 24 mg/mL -the corresponding curve was scaled by a factor 30/24 to align it with the others, with SD of 2m/2m and an ExpT of 10 minutes.
2) At contrast conditions other than the CMP, or if the detergent cannot be matched homogeneously, one has to pay attention to the efficient subtraction of the free micelle contribution. Sample preparation will be designed either to allow efficient experimental subtraction of the micelle contribution, e.g. by measuring protein sample and reference buffer from a same chromatography and avoiding further sample concentration steps. Alternatively, the micelle scattering contribution will have to be subtracted after evaluation of its concentration e.g. by sedimentation velocity from analytical ultracentrifugation (AUC). One can model bound detergent molecules explicitly by using atomic models and optimising their spatial arrangement against their back-calculated scattering curves (e.g. by using the program CRYSON [32] ). This approach requires that the protein structure (or a close homologue) is also known at atomic resolution. Another possibility in this case is to use several phases of different contrast (i.e. one for the protein, one for the detergent head-groups and one for their tail) and use a multi-phase low-resolution modelling program such as MONSA [33] . In this latter case, it is up to the user to justify the number of phases used for the modelling of the protein-detergent complex. The homogeneity of a phase depends in particular on the length scale studied. It is not recommended to incorporate SANS data from too high Q-values (> 0.3-0.4Å −1 ) for MONSA.
In all cases, "classical" analysis in terms of variation of Guinier radius versus inverse contrast (Stuhrmann analysis [34] and extraction of molecular mass [15] -for membrane proteins see [19] , eqs. (5), (7) and (8))-to validate the stoechiometry should complement the more sophisticated modelling approaches. These and other useful parameters can be analysed with the program MULCh [35] .
Strategy for deuterated membrane protein production
Here we address deuterated protein production and purification for SANS-related studies. As for soluble and hydrogenated proteins, different strategies for deuterated membrane protein production can be adopted. Over-expression can be performed in vivo, the cells being grown in flask cultures or in high cell density fermenter cultures, or using the cell-free in vitro synthesis ( fig. 4) . Whatever the mode of production, molecular biology steps have to be carefully designed and conducted. In particular, the choice of the selective antibiotics is important depending on the method of over-expression, and the addition of an affinity tag, -e.g. a polyhistidine-tag at the N-or C-terminusmay facilitate purification and detergent exchange. In in vivo expression systems, the protein can be directed to its target membrane (inner or outer membrane) with an appropriate signal sequence. This allows the correct folding of the protein, in its native environment, but often leads to the saturation of the membrane insertion apparatus and/or a toxic effect on the cell, resulting in no or poor expression yields. Another alternative is to remove the signal sequence, and to direct the protein in the cytoplasm of the cell where it aggregates and forms inclusion bodies. This usually allows an extremely efficient production of the protein in terms of yield and quantity. However, the protein is recovered as an aggregated, inactive form, and needs to be refolded in its native state before any further study [36, 37] . Cell-free expression avoids the complexity of membrane targeting and insertion in the membrane since detergent solubilised membrane proteins can be obtained directly. Furthermore, the requirements for deuteration have to be examined. They determine the experimental set-up. Is ∼ 75% enough or are perdeuterated proteins required? Perdeuteration in flasks requires great caution, as exchange of ambient H 2 O vapour with the minimum medium can lead to hydrogen incorporation in the protein. For the SANS studies detailed below, 75% deuteration is enough, i.e. the deuteration level required for a total matching of a protein in a 100% D 2 O buffer. Table 5 compares the yields and volumes used for three different proteins produced using flask culture, high fermenter culture or in vitro expression, the production of which is commented below. 
In vivo over-expression using flask
For each gene construct and whatever the over-expression scheme chosen (flask cultures or fermenter high cell density cultures), the protein expression level is first evaluated in hydrogenated media (temperature, induction conditions) before the adaptation step to deuterated media is started. A pre-adaptation of the transformed cells from rich to hydrogenated and then to deuterated minimum medium (described in http://www.ill.eu/ sites/deuteration/index.htm) needs then to be performed, before the over-expression of the protein in deuterated media is carried out. Random fractional deuteration ("match-out labelling") of proteins will occur in a medium prepared in 85% D 2 O, and perdeuteration in a minimum medium exclusively prepared in D 2 O and containing a deuterated carbon source. The expression level of a specific protein needs to be verified in deuterated minimal medium. It might be sometimes lower than in unlabelled rich medium. The volume of medium needs to be small when compared to the capacity of the flask, to allow correct aeration of the cells in a shaking incubator. The use of Erlenmeyer flasks with baffle improves the aeration. After 8 h incubation at 37
• C cell densities obtained are usually not higher than OD 600 nm = 2 in 85% D 2 O minimum medium. Flask cultures can be used instead of a fermenter high cell density culture if only a few mgs of protein of a highly expressed random fractional deuterated protein is needed. This is the case for both proteins, pb5 and FhuA.
The phage protein pb5 has a high aggregation propensity above 0.5 g L −1 [38] and its expression in deuterated medium needs optimisation. In rich hydrogenated medium at a growth temperature of 20
• C, the protein is expressed in a partially soluble form without the need of induction due to the leakiness of the promoter. Induction, even with low IPTG concentrations, results in the production of totally insoluble protein. In 80% D 2 O minimum medium however, the leakiness of the promoter is not sufficient to obtain expression, which needs to be induced with 0.5 mM IPTG at 20
• C. A small proportion of the over-expressed protein is soluble and can be purified: from flask cultures, 8 grams of cell paste per L of culture were obtained and 1.5 mg of protein was purified. Concerning FhuA, the E. coli strain we use (AW740) is depleted in the major outer-membrane porins and is tetracycline resistant. It is transformed with the pHX405 plasmid, carrying resistance to Ampicilin and encoding a His-tagged version of FhuA over-expressed under the control of its own promoter, stimulated by iron depletion [39] . We have used flask cultures to produce deuterated FhuA in 80% D 2 O minimum medium at 37
• C. A yield of 7 grams of cell paste per L of culture was obtained, allowing the purification of 2 mg of FhuA.
In vivo over-expression using high cell density fermenter cultures
The Deuteration Laboratory of Institut Laue Langevin in Grenoble, France, which acts as a platform within the Partnership for Structural Biology (PSB) has developed protocols and expertise for high cell density (HCD) culture and expression of deuterated proteins. The web site of the laboratory provides accessible protocols: http://www.ill.eu/sites/deuteration/index.htm. Fermentation parameters such as stirring speed, pH, pO 2 , and gas flow rate are simultaneously controlled, and carbon source feeding automated. High cell densities can be obtained in this way, allowing the recovery of hundreds of mgs of deuterated protein form a relatively small volume of deuterated medium (typical fermenter volume: 1.4 L). Dried air is used to allow growth of cells under strictly protium-free conditions. Ampicillin-selection is not recommended in deuterated high cell density cultures due to the leakiness of the periplasmic beta-lactamase resulting in loss of selection pressure and leading to over-growth of plasmid-free cells.
This HCD strategy was used very successfully for the production of 75% deuterated OmpX, a membrane protein over-expressed in inclusion bodies: 48 g of cell paste per L of culture was obtained (OD 600 nm ∼ 25 in 85% D 2 O minimum medium), and the yield of OmpX, obtained after purification of the inclusion bodies, refolding and purification was as much as 557 mg/L of culture. Over-expression of 75% deuterated dAcrB, a protein that is targeted to the inner membrane of E. coli, its natural membrane, allowed to obtain 133 mg of protein per L of culture from 50 g of cell paste.
Over-expression in a cell-free system
Cell-free expression is an in vitro method that became very popular more than a decade ago for soluble proteins, and which emerged more recently for membrane proteins. A wide variety of membrane proteins of different functions, origins and topologies have been successfully expressed by this technique [40] . Cell-free protein synthesis offers a very interesting alternative to cell-based systems, as it avoids many problems such as cell toxicity, the problematic step of membrane targeting and insertion in the membrane or the production in inclusion bodies of unfolded proteins to be refolded. Cell-free uses an efficient coupled transcription and translation reaction to produce high yields of functional proteins directly in the test-tube: the mRNA is transcribed from a DNA template added to the reaction mix. This latter is composed of the crude extract of an organism, commonly E. coli. The extract provides the translational machinery, accessory enzymes, tRNA and factors, to which is added nucleotide-tri-phosphates, a highly processive RNA polymerase (typically T7 RNA polymerase), amino acids (which can be deuterated), and a supply in energy (e.g. creatine phosphate, acetyl phosphate). A large variety of additives can be added to the reaction mixture, such as detergent/surfactant micelles that will accommodate the newly synthesised membrane protein. Furthermore, cell-free synthesis can avoid the surfactant exchange steps, which may be problematic.
From our experience, cell-free synthesis in the batch mode (50 μL) followed by analysis using western blots is adapted to screen many conditions, and sequentially adapt the different parameters, such as surfactant concentration, temperature and energy sources. Their optimisation prior to larger scale synthesis is essential in the case of expensive surfactants or surfactants available in low amount. The use of deuterated amino acids does not affect significantly protein synthesis, in terms of folded/unfolded ratio or yield. Cell-free synthesis in larger scale was done with continuous exchange, with a feeding mix separated from the reaction mix by a dialysis membrane, allowing supplying small compounds needed for the synthesis and removing by-products that may inhibit the reaction. Among the parameters we screened are the cut-off of the semipermeable membrane and the concentration of surfactant in the feeding mixture.
This strategy was used to produce deuterated human ATP/ADP transporter, a protein for which only cell-free synthesis allows the recovery of folded protein in substantial amounts (Jullian-Binard, Ravaud, Pebay-Peyroula, unpublished results). The detailed protocol will be published elsewhere. Cell-free synthesis appears to be a very convenient technique for obtaining -in the range of hundreds of μg-deuterated (even fragile) membrane proteins for SANS. The optimisation of the synthesis may be long, depending on the protein, but once the protocol is established for the hydrogenated protein, with the appropriate surfactant, the production of the deuterated protein only requires the substitution of deuterated versus hydrogenated amino acids. The costs are limited due to the small volumes involved.
Membrane protein purification
Once produced, deuterated membrane protein purification can be performed as for hydrogenated proteins. However, in contrast to the hydrogenated system, cells grown in deuterated minimum medium are more difficult to lyse, and a treatment with lysozyme and vigorous stirring at room temperature for 20 min is a pre-requisite before lysing the cells either by sonication, or with a microfluidizer apparatus. Furthermore, solubilisation of inclusion bodies of deuterated OmpX needed optimisation, as they were less soluble in urea, as compared to inclusion bodies of hydrogenated protein. Once solubilised, refolding of deuterated OmpX over-produced in inclusion bodies has been shown to occur with very similar yields as for hydrogenated protein. No major difference between the behaviour of deuterated vs. hydrogenated systems can be observed for membrane solubilisation by detergents. As for any purification strategy, the use of a poly-histidine tag introduced in the sequence of the protein helps tremendously. In the case of membrane proteins, the Nickel affinity column can also serve as a convenient step for detergent/surfactant exchange when needed. However, the position of the tag may have an effect on protein expression and/or refolding. This was indeed the case for OmpX: a His 6 -tag at the N-terminus of the protein precluded correct folding of the protein, whereas 90% refolding yields could be obtained with a C-terminal His-tag [41] . We have not observed any difference for the affinity purification of histidine-tagged proteins on Nickel column, whether they are hydrogenated or deuterated. However, deuterated protein behaviour on ion exchange chromatographies can differ from that of hydrogenated proteins: deuterated FhuA solubilised in LDAO can only be eluted from a High-Trap Q column (GE Healthcare) with 2 M NaCl, whereas hydrogenated FhuA elutes at ∼ 0.2 M NaCl [38] . Thus, this purification step has been replaced by a size exclusion chromatography. As a general rule when preparing a SANS sample, the last purification step should be a size exclusion chromatography to remove any aggregated or inhomogeneous material (see below). This step is also a convenient means to transfer the sample in a buffer of defined composition (i.e. defined D 2 O/H 2 O ratio) and assuring complete detergent exchange.
Quality control
SANS is a technique that is particularly demanding in terms of quality of the sample, in particular its monodispersity. Indeed, all particles contribute to the signal, the larger ones contributing more than the smaller ones. Thus, the presence of even a minor proportion of aggregates or higher molecular weight oligomers will bias the data. The quality control steps are thus especially important. 1) Purity. Protein purity after purification is first controlled by SDS-PAGE. Gels should be over-loaded to check for the presence of small amounts of impurities.
2) Deuteration levels. The best method to determine the deuteration level of the purified protein is mass spec-trometry. In the case of membrane proteins, this can be tricky due to the presence of detergents. Some detergents appear to be better tolerated by mass spectrometry, as DDM, LDAO, OG, or the surfactant F 6 -DigluM, whereas others are detrimental to accurate measurements (e.g. Triton X100, CHAPS). MALDI is more tolerant than electrospray, as the windows of mass for detergent/surfactant and protein are very different. A general rule is difficult to propose, as it is multifactor-dependent (protein and surfactant concentration, nature of the surfactant, etc.), so that the sample should be tested and the detergent exchanged in case of failure. Deuteration levels can be determined given the difference of mass between the theoretical and the measured mass, and taking into account the H 2 O/D 2 O composition of the buffer.
3) Activity and correct fold. Whether the protein has been purified from its native membrane, directly synthesised in detergent/surfactant micelles, or refolded from inclusion bodies, it is important to check for the correct fold of the protein. Indeed, membrane proteins have a certain tendency to lose activity when manipulated in detergent. The method of choice to test for the correct fold of the protein is, when available, checking for protein activity. When the protein has no enzymatic activity, other methods have to be defined: circular dichroism may be used. We used the ability of dOmpX to crystallise to show the correct fold of the protein. dFhuA's correct fold was controlled by its ability to from an SDS stable complex with pb5 [38, 42] . 4) Dispersity, molecular mass, amount of bound detergent. As already mentioned, the homogeneity of the sample is fundamental, and is a prerequisite to data processing and structural modelling of the form factor of a particle. An exact determination of the composition of the membrane protein complexes is important, to cross-check with the SANS data. Analytical size exclusion chromatography requires very low amounts of sample (10 μl), allowing to check for the homogeneity of SANS samples. Analytical ultracentrifugation, and size exclusion chromatography coupled to different detectors allow, in addition, determination of molecular mass and detergent bound [43] [44] [45] [46] [47] [48] .
Review on SANS studies of membrane proteins
This review will be focused on the determination of low-resolution structures by SANS and conformational changes of membrane proteins. While not directly addressing these points, the very pedagogical article by Hunt et al. [49] has to be mentioned, since it describes the difficulties inherent to SANS in the study of bacteriorhodopsin (BR), a relatively small membrane protein of 27 kDa, reconstituted in small unilamellar lipid vesicles (SUV). It shows that the scattering signal from vesicles made either with tail deuterated or fully deuterated dimyristoylphosphatidylcholine (DMPC) lipids, at their respective CMP, show a residual scattering signal, particularly at small angles. This paper stresses the point that detergents and lipids are composed of a hydrophobic moiety and a hydrophilic head, which are contrast-matched at different D 2 O buffer contents. The signal of the vesicle had to be subtracted from the BR-vesicle signal for further analysis of the protein signal. Furthermore, the data at very small angles had to be ignored because of their distortion due to inter-vesicular interactions, and to protein-protein interactions within each vesicle. The data sets allowed the authors, however (from the intensities scattered in the forward direction), to conclude confidently that BR reconstituted in DMPC vesicles is a monomer, as it is in the detergent-solubilised state, whereas it is a trimer in its native purple membrane. Furthermore, it can be concluded from this work that solutions of solubilised membrane proteins often display inter-particle interactions, since detergent micelles are often concentrated with the protein in the concentration steps.
SUV matching was also performed in a study by Bu et al. [50] , who studied SecA (∼ 100 kDa) associated to SUV made from a mixture of E. coli lipids, at their match point (14% D 2 O). The authors did not mention details of the analysis, but they obtained nice Guinier and pair distance distribution (P (r)) plots. Their study clearly showed that in a lipidic environment, nucleotide binding induces the monomerisation of the soluble, dimeric apo-SecA. The Guinier plots and SANS-derived ab initio structures suggest that the monomer is less compact in the membrane context when bound to ATP than to ADP. However, the modelling was at rather low resolution, and thus little informative.
More recently, studies of integral membrane proteins were performed on detergent solubilised samples. In a recent SANS study of the structure of the potassium channel KcsA (4 × 18 kDa), solubilised in dodecylmaltoside (DDM, CMP 22%), Zimmer and collaborators [51] discussed their data in view of the chemical heterogeneity of the detergent, which affected the measurements at 0, 22 and 100% D 2 O. In particular, the signal of the protein at 22% D 2 O was too weak to allow ab initio modelling. Molecular envelopes of the full length and a truncated form of the protein were determined (including the detergent contribution), in which the membrane and extramembrane domains were identified and compared to the crystal structure of the truncated form.
ApoB-100 (550 kDa), which represents the protein moiety of low-density lipoprotein (LDL), was studied by SANS after solubilisation by the detergent NonidetP40 at its CMP (18% D 2 O). This work allowed to generate a fascinating ab initio structure showing the modular nature of this large protein [52] , which, interestingly, is reminiscent of the protein structure in LDL now available from cryoelectron microscopy (EM) [53] . For the Light Harvesting Complex II from spinach (3 × 27 kDa), solubilised in OG, SANS at the CMP of the detergent (15%) provided an ab initio structure of the protein that fits well with its crystal structure [54] . Data at 100% D 2 O allowed the modelling of a monolayer of detergent surrounding the protein. Another SANS study on photosynthetic complexes include that of Tang et al. [55] : SANS at the CMP of the deter-gents (OG (18% D 2 O) or LDAO (5%)) allowed to pinpoint similarities and differences in terms of size and stoechiometries between the complexes (∼ 100-300 kDa) of two different photosynthetic bacteria. The "chlorosome" of Chloroflexus aurantiacus, a specialised, self-assembled bacteriochlorophyll, light harvesting body, was also characterised in terms of shape, dimensions and composition (protein/pigments/lipid) from scattering measurements at different D 2 O%. The SANS data of solubilised Integrin aIIbb3, a large protein of 228 kDa studied in TritonX100 at its CMP (16% D 2 O), also allowed ab initio calculation of a low-resolution envelope of the full-length protein in solution. It revealed a well-defined, elongated, multi-domain structure, in which the different domains were positioned after comparison with cryo-electron microscopy and crystallographic models [56] . The authors mentioned that special care was taken to control the detergent concentration and allow correct buffer subtraction, which implies that the detergent was not fully matched. In all the studies of this paragraph, the residual contribution of the detergent at its CMP is not mentioned by the authors. The large size of the protein or protein complexes probably allows, however, obtaining significant structural results such as the domain mutual arrangements.
Foscholine 12 samples were carefully examined in the study by SANS of a bacterial anion transporter SLC26A purified as a dimer (2 × 57 kDa) [29] . At its CMP (11% D 2 O), the scattering curve of the detergent solution at 5 g L −1 was flat within the experimental noise. In the protein sample, the concentration was ∼ 5 g L −1 . The detergent concentration is not known (ultrafiltration steps were used), but clearly this detergent seems suitable for SANS studies of membrane proteins. Analysis at the smaller angles confirmed the dimeric nature of the protein, and ab initio modelling showed a V shape, suggesting that the protein dimerises through its transmembrane domain.
Comparison with an EM reconstruction in complex with an inhibitor allowed interesting conclusions regarding the function of the protein, since it suggests large conformational changes of the cytoplasmic domain during transport.
High-density lipoproteins (HDL) represent another type of assemblies of lipids and protein. HDL comprises 2-4 copies of ApoA1 (28 kDa) per particle depending upon the degree of HDL maturation, associated with free cholesterol and phospholipids. Reconstituted nascent [57] and mature [58] HDL with deuterated ApoA1 were studied by SANS in various D 2 O% to produce a molecular model of the whole HDL particle, despite the imperfect matching of the chemically heterogeneous lipids. Data at 12% D 2 O were used, in combination with constraints from a variety of techniques, for the modelling of the protein moiety, and those at 42%, at the CPM of the protein, for the lipid moiety. A dimer of ApoA1 is present in nascent HDL, with a superhelical shape wrapping around a predominantly micellar lipid core [57] , an alternate structure to that of a circumferential double belt shape around a central bilayer lipid core proposed by others (see references in [58] ). ApoA1 reconstituted in mature HDL leads to a picture of three copies of ApoA1, with different possible arrangements of the individual proteins around a globular lipid core [58] . A very interesting SANS and SAXS study concerning the widely used "nanodics" was also performed by the lab of Arleth, where the authors conclude that these structures have an ellipsoidal cross-section rather than the widely accepted circular one [59, 60] .
Another strategy was recently used by Clifton et al. [61] in the recent and very elegant SANS study of the complex formed by the outer membrane porine OmpF (3× 38 kDa) and the translocating Colicin (ColN) (42 kDa). OmpF and the complex were solubilised in a mixture of hydrogenated and deuterated SDS, allowing it to be contrast-matched at all investigated D 2 O contents. ColN was studied in the hydrogenated form, while OmpF was partially deuterated, and SANS data were measured at 41%, revealing only OmpF trimer, at 87%, revealing only ColN, and at 13 and 100% D 2 O, revealing the proteic complex. Scattering curves of samples with the detergent alone are not presented, but the intimate mixture of the deuterated and hydrogenated detergent hydrophobic chains is a priori favourable to mask the detergent aggregate, at least at the largest D 2 O percentages. Only the very stable beta-barrel proteins can be manipulated in SDS in their native form, but this strategy could be transposable to other detergents and membrane proteins. This study allowed for membrane protein complexes to model globally the different scattering curves obtained at different D 2 O contents using the program MONSA [33] for defining the relative position of the two proteins. From that study, a possible translocation mechanism was proposed.
We will now briefly present two recent projects for which we have adopted specific strategies using SANS to monitor the conformational changes within membrane proteins. The first strategy combines SANS measurements with explicit modelling of the bound detergent molecules. A related but rather different approach was described in a SAXS analysis, in which the detergent belt in a detergentaquaporin complex was modelled as an elliptical toroid around the protein [62] . Our study used SANS to investigate the conformation in solution of a protein whose crystal structure has been obtained at high resolution: FhaC is the outer-membrane transporter that secretes Bordetella pertussis adhesin filamentous haemagglutinin and is essential for its virulence [63] . Homogeneous samples of the protein solubilised in tail-deuterated OG were studied by SANS at the CMPs of the detergent and protein. However, the detergent displayed a residual signal at its CMP, so we developed a strategy to model individual detergent molecules bound to the surface of the protein explicitly, in order to compare their contribution to the back-calculated scattering curves from the protein-detergent models in an accurate manner. The results provide insight into the structure of the protein, but also of the detergent micelle around the protein [64] . We believe that our strategy could be applied to other detergent-solubilised membrane proteins to yield information about their structure in solution.
The second strategy uses fluorinated surfactants to solubilise membrane proteins studied by SANS. Two of such surfactants, F 6 -Diglu F 6 -DigluM, are masked at 44 and 46% D 2 O, respectively, on the whole scattering an-gle range, from [30, 14] and fig. 2 . As shown above, this is not general for detergents and related to the fact that the hydrophobic part of the surfactant is rich in fluorine atoms. This percentage of D 2 O corresponds also roughly to the CMP of hydrogenated proteins, while deuterated proteins strongly contribute to the signal (see fig. 2 ). Specific deuteration of proteins within a membrane complex comprising hydrogenated partners, solubilised in F 6 -DigluM, is thus a very interesting strategy to investigate membrane protein complexes. We used it in the investigation of the conformational changes upon interaction of the membrane protein FhuA with the Receptor Binding phage Protein pb5. Interaction of both proteins triggers DNA ejection. Both proteins were produced in hydrogenated and deuterated forms, and purified separately. The detergent solubilising FhuA was exchanged to F 6 -DigluM, and the proteins were studied by SANS in 46% D 2 O, separately and in different combinations of complexes, after quality control. The approach was validated, since, under these conditions, F 6 -DigluM micelles and the hydrogenated proteins had a scattering signal indiscernible from the solvent. This method thus allowed the study of conformational changes of a specifically labelled partner within a membrane protein complex [65] .
Conclusion
SANS, combined with specific deuteration, is becoming increasingly popular and is progressing very rapidly to obtain structural information of membrane proteins. Obtaining relevant data, however, is linked to an excellent sample quality, in particular in terms of homogeneity and colloidal stability. Sample quality control is thus extremely important. Furthermore, the choice of the solubilising detergent turns out to be crucial. Of course, the protein should be monodisperse and stable in the detergent used, and the physical properties of the latter should be appropriate for SANS measurements: ideally, at its CMP, it should be completely masked over the whole investigated Q-range, showing no residual intensity fluctuations. This is not the case for the most popular detergents usually used in the biochemistry of membrane proteins, i.e. DDM and OG, imposing an additional detergent modelling step in data analysis [51, 54, 64] . SAXS, combined with detergent modelling, was shown to be very effective for investigating membrane protein structure [62] thanks to the very convenient online size exclusion chromatography setup at the SAXS Swing beamline at Soleil (http://www.synchrotron-soleil.fr/portal/ page/portal/Recherche/LignesLumiere/SWING). This setup allows buffer substration to be very accurate, and the sample to be very homogeneous. SANS data quality could probably be improved by having a biochemistry lab in proximity and connected to the beamline, and a pseudo "on line" setup could be very beneficial (pseudo, since SANS time measurements are not compatible with an online device). Some detergents, however, fulfil the requirement of being completely matched at their CMP, as Foscholine 12 (CMP 11% D 2 O) [29] , probably Brij 35 (CMP 15% D 2 O), and F 6 -DigluM (CMP 46% D 2 O) [65] , and allow the characterisation of deuterated membrane proteins. The latter detergent having the same CMP as h-proteins further gives the possibility to specifically investigate individual proteins/subunits in the context of a membrane protein complex, provided that some proteins/subunits are specifically deuterated. Sugar-based detergents and surfactants, even with a deuterated tail, cannot be matched over the whole Q-range, their residual contribution needing to be modelled. It has been reported that mixtures of h-and d-SDS also allowed the contribution of this detergent to be matched out at any D 2 O%, allowing a very elegant study of individual proteins in a SDS-OmpFColicin complex [61] . This strategy could be transposable to other membrane protein complexes since it is in principle applicable to other detergents, SDS being only tolerated by very stable, beta-barrel membrane proteins. 
